and the lesser trochanters and the femoral head is rotated into varus to move the necrotic portion of the femoral head from the weight-bearing region to a non-weightbearing medial region. This osteotomy can reduce complications of conventional varus wedge osteotomy, such as elevation of the greater trochanter, nonunion of the osteotomy site, and limb length discrepancy (LLD). 9, 11, 12) Saito et al. 13) reported a 100% success rate in 4 cases of osteonecrosis of the femoral head, and the rate of satisfactory outcomes ranged from 90% to 97.3% in other studies. 11, 14, 15) Transtrochanteric rotational osteotomy (TRO) was introduced by Sugioka 16) in 1978. It also moves the necrotic portion from the weight-bearing region to a nonweight-bearing region. However, in this procedure, the greater trochanter is osteotomized and the joint capsule is circumferentially incised. The reported success rates of this technique range from 17% to 100%. [17] [18] [19] However, studies thus far have not compared these two well-known osteotomies. Until 2006, we had performed TRO in patients who met our predefined selection criteria. However, collapse of the femoral head and osteoarthritis of the hip developed in some patients after the osteotomy. 19 ) Therefore, we have performed TCVO since 2007. In this study, we compared surgical parameters, postoperative LLD and minimum 5-year clinical and radiological results between the two osteotomies in young patients.
METHODS

Patient Selection
The subjects of this study were 97 consecutive patients (103 hips) who underwent TRO from 2004 to 2006 and 64 consecutive patients (72 hips) who underwent TCVO from 2007 to 2009. All osteotomies were done at one institution by a single senior surgeon. The design and protocol of this retrospective study were approved by the Seoul National University Bundang Hospital Institutional Review Board, which waived informed consent (No. B-1412-280-113).
The diagnosis of osteonecrosis was based on findings on radiographs and magnetic resonance imaging (MRI) scans. The selection criteria for the osteotomies were (1) Ficat stage IIB (a crescentic subchondral line and segmental flattening of the femoral head) or stage III (a sequestrum, a break in the articular cartilage from one end of the affected area to the other, and a normal joint space); 20, 21) (2) age younger than 55 years; (3) a painful hip; and (4) a hip with an adequate area of viable bone as seen on MRI scans, which was expected to occupy more than 50% of the articular surface below the acetabular dome after osteotomy.
The criterion of adequate viable bone for TRO was an arc of > 120° between the central vertical line of the femoral head and the posterior margin of the necrotic portion on the mid-sagittal MRI scan (Fig. 1) .
18) The criterion for TCVO was an arc of > 150° between the central vertical line of the femoral head and the lateral margin of the necrotic portion on the mid-coronal MRI scan (Fig. 2) . The extent of osteonecrosis was measured on preoperative MRI scans using the combined necrotic angle. Briefly, the angle of the necrotic portion on the mid-coronal image (A) and the angle of the necrotic portion on the mid-sagittal image (B) were measured, and the combined necrotic angle was calculated as the sum of A and B (Fig.  1B and C) .
Demographic Data
Of the 97 patients (103 hips) who were operated with TRO, 12 patients (12 hips) were lost to follow-up before 5 years after the osteotomy. The remaining 85 patients (91 hips), who were followed for a minimum of 5 years or until conversion THA, were included in the final analysis. There were 72 men (78 hips) and 13 women (13 hips 22) ranged from 9 to 17 points (mean, 14.9 points). The mean follow-up period was 7.7 years (range, 5 to 11 years). Of the 64 patients (72 hips) who were operated with TCVO, 6 patients (7 hips) were lost to follow-up before 5 years after the osteotomy. The remaining 58 patients (65 hips), who were followed for a minimum of 5 years or until conversion THA, were included in the final analysis. There were 33 men (37 hips) and 25 women (28 hips). The mean age of the patients at the time of osteotomy was 31.8 years (range, 18 to 52 years) and the mean body mass index was 23.5 kg/m 2 (range, 17.7 to 38.8 kg/m 2 ). The cause of osteonecrosis was idiopathic in 32 hips (29 patients), alcoholassociated in 9 hips (8 patients), steroid-induced in 21 hips (18 patients), posttraumatic in 2 hips (2 patients) and SLE in 1 hip (1 patient). The preoperative Ficat stage was IIB in 19 hips and III in 46 hips. The combined necrotic angle was 219.7° ± 24.9° (range, 180° to 280°). The preoperative Merle d' Aubigne and Postel hip score ranged from 13 to 18 points (mean, 14.7 points). The mean follow-up period was 6.5 years (range, 5 to 9.5 years)
The gender distribution, causes of osteonecrosis and follow-up durations were different between the 2 groups. However, there were no significant differences regarding age (p = 0.155), the stage of osteonecrosis (p = 0.142), body mass index (p = 0.312), and combined necrotic angle (p = 0.262) ( Table 1) .
Operative Technique and Postoperative Care
All operations were done by a single surgeon. TROs were performed using a modified Sugioka technique 19) and TCVOs using a technique by Nishio and Sugioka.
10)
The osteotomy site was fixed with use of a 120° compression hip screw (Solco, Seoul, Korea). Postoperative care consisted of the use of crutches with protected weight-bearing until there was radiographic evidence of osseous union of the osteotomy site usually for 3 months.
Follow-up Evaluations
All of the patients underwent a bone scan within 1 week postoperatively to assess the viability of the femoral head. 23) Routine follow-up visits were scheduled for 6 weeks, 3, 6, 9 and 12 months after surgery and every 6 months thereafter. Postoperative radiographic and clinical evaluations were performed at a minimum of 5 years in the 143 patients (85 TRO patients and 58 TCVO patients).
Clinical evaluations were done using Merle d' Aubigne and Postel hip score, 22) which allots up to 6 points for pain, mobility, and gait each. A score of 17 or 18 points was recorded as an excellent result; 15 or 16 points, as a good result; 13 or 14 points, as a fair result; and < 12 points, as a poor result. If the score was < 12 or the patient had a THA, the result was considered as a clinical failure.
Radiographic evaluation included determination of whether there was postoperative collapse of the newly established weight-bearing area of the femoral head, osteophyte formation around the femoral head, or osteoarthritic change of the hip. The radiographic evaluation was done by two independent observers who did not participate in the operations (CHP, YKL). The 6-week anteroposterior and cross-table lateral radiographs were considered to be the baseline studies for radiographic comparison. Collapse was defined as subsidence of the articular surface exceeding 2 mm as compared with the contour on the baseline radiograph. 18) Osteophyte formation was defined as spurs > 3 mm around the femoral head as compared with the contour on the baseline radiograph. 24) Joint space narrowing was defined as a width of joint space < 2 mm at the narrowest portion. 25) To evaluate LLD, we measured the distance between the inter-teardrop line and the lower margin of the lesser trochanter.
26) Then, we evaluated whether the difference in distance between the operated limb and the contralateral limb was more than 2 cm.
We compared the surgical parameters, including the operation time, estimated blood loss (EBL) and requirement of transfusion between TRO patients and TCVO patients. We also compared perioperative complications, LLD, postoperative collapse, postoperative osteoarthritis, the final hip score and survivorship between both groups.
Statistical Analysis
Qualitative data were compared with the chi-squared test or Fisher exact test, and quantitative data were compared with the Student t-test or the Mann-Whitney U-test, depending on the distribution of the data. All reported pvalues were two sided, and p < 0.05 was used to determine statistical significance. We calculated the time from the index osteotomy to conversion to a THA. And, KaplanMeier survival analysis was performed with use of 2 endpoints; radiological failures such as secondary collapse on the newly established weight bearing portion or degenerative change and conversion to THA. The analysis was performed with use of IBM SPSS ver. 22.0 (IBM Co., Armonk, NY, USA).
RESULTS
Postoperative Scintigraphy
All hips in both groups showed adequate perfusion of the proximal segment on the postoperative bone scan.
Intraoperative Parameters
The TCVO group had shorter operation time (p < 0.001) and less estimated blood loss (p = 0.026) than the TRO group (Table 2) . However, the mean amount of transfusion was not different in both groups (p = 0.678).
Secondary Collapse and Osteoarthritic Change
Secondary collapse of the femoral head developed in 26 hips (28.6%) in the TRO group and 7 hips (10.8%) in the TCVO group (p = 0.007). Osteophyte formation was observed in 34 hips (37.4%) in the TRO group and 13 hips (20%) in the TCVO group (p = 0.020). Joint space narrowing developed in 11 hips (12.1%) in the TRO group and 6 hips (9.2%) in the TCVO group (p = 0.572).
Complications
A deep infection developed in 1 hip of the TRO group at 13 months after the osteotomy. It was successfully treated with removal of the compression hip screw, debridement, and administration of antibiotics. Nonunion of the greater trochanter occurred in 2 hips of the TRO group. All of these hips were asymptomatic and required no additional intervention. Nonunion of the osteotomy site occurred in 1 hip of the TCVO group, which was treated with a conversion THA at 15 months after the osteotomy. Periprosthetic fracture at the tip of the plate occurred in 1 hip of the TRO group and 1 hip of the TCVO group. These fractures were treated with open reduction and fixation with a longer plate and osteosynthesis was obtained in all of them (Table 2 ).
Conversion to THA
Fifteen collapsed hips of the TRO group were converted to a THA due to intractable pain. In the TCVO group, 6 hips were converted to a THA due to collapse and intractable pain and 1 hip due to nonunion of the osteotomy site.
Leg Length Discrepancy
The mean LLD was 8.3 mm (range, 2 to 26 mm) in the TRO group and 4.3 mm (range, 1 to 17 mm) in the TCVO group (p = 0.083). In the TRO group, the operated leg was shortened by 10 to 20 mm in 23 patients (25.3%) and by > 20 mm in 4 patients (4.4%). 
Clinical Results
In the TRO group, 31 patients (36.5%) had a limp, which was mild in 26 and moderate in 5. In the TCVO group, 10 patients (17.2%) had a limp, which was mild in 3 and moderate in 7.
In the TRO group, the final Merle d' Aubigne and Postel hip score was 17.4 ± 0.8 (range, 15 to 18). Seventythree of the 85 patients (85.9%) had excellent or good hip scores without conversion to THA at the latest follow-up.
In the TCVO group, the final hip score was 17.1 ± 0.9 (range, 15 to 18). Fifty of the 58 patients (86.2%) had excellent or good hip scores without conversion to THA at the latest follow-up (Table 2) .
Survivorship
Kaplan-Meier survivorship analysis with collapse on the radiographs as the endpoint, revealed a cumulative survival rate of 68.7% (95% confidence interval [CI], 58.1% to 79.3%) in the TRO group, and 84.7% (95% CI, 71.5% to 97.9%) in the TCVO group at 9 years (p = 0.064) (Fig.  3A) . With a conversion to THA as the endpoint, the survival rate was 82.2% (95% CI, 73.1% to 91.3%) in the TRO group and 89.2% (95% CI, 81.7% to 96.7%) in the TCVO group at 9 years (p = 0.246) (Fig. 3B) .
DISCUSSION
To date, 3 studies have reported the results of TCVO: the success rate was more than 90% in these studies. In contrast, the success rates of TRO are inconsistent: successful results have been reported by Japanese and Korean surgeons 18, [27] [28] [29] whereas such favorable results have not been obtained by surgeons in Western countries.
30) The inconsistency in the results of TRO may be related to differences in the selection criteria of patients, ethnic difference especially in body mass index, preoperative stage of the necrosis, the extent of necrosis, the surgical technique, the method of fixation, and/or the postoperative management. 19) However, there was no comparison study of these 2 osteotomies. Our study indicates that TCVO compared to TRO has advantages in radiological outcomes, such as the lower incidence of osteophyte formation and collapse of the femoral head. However, the 9-year survival rate was comparable between the 2 procedures when radiographic collapse and conversion to THA was used as the endpoint.
Osteophyte formation has been known to cause impingement of the hip joint and subsequent osteoarthritis. 28, 31) In our study, osteophyte formation was observed in 34 hips (37%) in the TRO group and 7 of them showed joint space narrowing. However, osteophyte formation was observed in 13 hips (20%) in the TCVO group and no case among them showed joint space narrowing. In TCVO, the head segment is simply rotated into varus in the coronal plane. However, in TRO, the segment is rotated anteriorly in the sagittal plane as well as into varus in the coronal plane. The mechanical simplicity and avoidance of capsulotomy of TCVO seem to result in a low incidence of osteophyte formation and joint space narrowing.
LLD is a serious problem after osteotomies of the proximal femur. In 1965, Merle D' Aubigne et al. 1) reported good results with varus wedge osteotomy for the treatment of osteonecrosis of the femoral head. Since then, several studies have reported successful results with this technique. 9, 12) It is a less invasive and less technically demanding surgical approach as compared with TRO. However, several complications, such as elevation or lateral displacement of the greater trochanter and LLD, occurred following varus wedge osteotomy. 9, 11, 12) TCVO was designed to minimize these complications. In previous studies, the mean discrepancy following TCVO ranged from 12.5 mm to 13.0 mm. 11, 14) In our study, although the mean postoperative LLD was not significantly different between the groups, 4 patients in the TRO group showed their operated legs were shortened by > 20 mm at the latest followup.
This study has several limitations. First, our study included a small cohort of TCVO group compared to the TRO group, which might have negatively affected statistical power. Second, our study was not a randomized clinical trial. It is a so called "before and after study, " in which values obtained before TCVO were compared with those taken afterwards. This design is prone to bias because of failure to control for potential confounding variables. However, all osteotomies were done by a single highvolume surgeon who had specialized in hip surgery since 1992. Except for gender distribution and the causes of osteonecrosis, there were no significant differences between the groups in terms of age, the stage of osteonecrosis, body mass index, and the extent of disease measured by combined necrotic angle. All 161 patients had adequate viable bone in the femoral head on both mid-sagittal and midcoronal MRI scans to meet the selection criteria for TRO and TCVO. In addition, our results of TCVO were consistent with those of the previous studies on this osteotomy (Table 3) . 11, 14, 15, [17] [18] [19] [27] [28] [29] [30] [31] [32] Since 2007, we have exclusively used TCVO for the treatment of osteonecrosis of the femoral head in patients aged less than 40 years. Based on the results of our study, we recommend TCVO as a joint preserving osteotomy in young patients.
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